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Method and device for generating control data sets for the production of 
products by freefornn sintering or freeform melting, as well as apparatus for 

this production 



The invention relates to a method and a device for generating control data 
sets for the production of metallic and/or non-metallic products, in particular 
dental products or medical products, by freeform sintering and/or freeform 
melting by means of a high-energy beam, in particular a laser beam or 
electron beam, whereby a product is built up layer by layer, out of a material 
to be spread out in layers, by means of said beam guided with the help of a 
control data set. The method comprises the steps of loading a set of product 
target geometry data, which represents the target geometry of the product 
to be produced, and of generating the control data set on the basis of the 
product target geometry data set. Accordingly, the device for generating the 
control data sets comprises means for loading a product target geometry 
data set, which represents the target geometry of the product to be 
produced, and means for generating the control data set on the basis of the 
product target data set. 

The invention further relates to an apparatus for producing such products by 
freeform sintering and/or freeform melting by means of a high-energy beam. 
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in particular a laser beam or electron beam, whereby the apparatus 
comprises a beam source for generating this bean, a platform to 
accommodate a material to be added in layers, and as beam control a control 
system that guides the beam using data control to construct a product from 
the material layer by layer. 

Methods, devices, and apparatus of this type are known in the art. Amongst 
other fields of application, they are used in the production of dental products, 
e.g. dental crowns, dental bridges, implants, etc. But they can also be used 
for other products. 

But the required specifications for the precision and dimensional accuracy of 
these products are demanding. In particular in the field of dental product 
manufacturing one aims for tolerances of less than one tenth of a millimetre. 
However, such high precision can not be adequately obtained using the 
known sintering and melting systems. 

Thus, the technical problem to be solved by the invention is the improvement 
of the dimensional accuracy of products produced by freeform sintering 
and/or freeform melting by means of a high-energy beam, in particular a 
laser beam or electron beam. 

The invention provides a solution to this problem with a method of the 
above-mentioned type that additionally includes the steps of determining a 
compensation data set and/or a compensation function to compensate for 
manufacturing-related effects caused by the sintering and/or melting, and of 
combining the compensation data set with and/or applying the compensation 
function to the product target geometry data set to generate the control data 
set. 

The invention further provides a solution to this problem with a device of the 
above-mentioned type that comprises means for determining a compensation 
data set and/or a compensation function to compensate for manufacturing- 
related effects caused by the sintering and/or melting. 
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and means for connbining the compensation data set with and/or applying the 
compensation function to the product target geometry data set to generate 
the control data set. 

The invention finally provides a solution to this problem by means of a 
apparatus of the above-mentioned type, in which the control system 
comprises an above-described device for generating control data for beam 
guidance. 

The invention is based on the understanding that manufacturing-related 
effects, i.e. effects caused by sintering and/or melting by means of a high- 
energy beam, can have negative effects on the dimensional accuracy of the 
products to be produced. 

In freeform sintering or freeform melting by means of a high-energy beam, a 
product is created by a high-energy beam, e.g. a laser beam or electron 
beam, that irradiates a material - generally present in powder form - section 
by section, which heats and melts the material so that it bonds to the 
adjacent material. 

However, an effect of this layer-by-layer construction is that in products with 
(lateral) sections inclined relative to the horizontal/vertical, a new layer to be 
applied will extend into a region that has no section of the product to be 
produced below it. In other words, the new layer to be produced projects 
laterally relative to the previously produced layer. 

The invention has realized that material, which is melted in these projecting 
regions, will extend into the region of the layer below. In this region, so- 
called melting spherules will develop, i.e. spherical or partially 
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spherical protuberances of the product that adulterate the dimensions of the 
product. Thus, the product will be thicker in these regions than originally 
planned. 

The invention has also realized that the layer-by-layer construction and the 
bonding of layers at different temperatures will give rise to stresses within 
the layers due to different thermal expansion of the different layers. These 
stresses lead to deformations once the product is released from the carrier, 
the so-called substrate plate. 

The Influences, which are shown here as examples and which result in 
changes of the actually manufactured product relative to the planned 
product, are compensated for in the invention by at first determining a 
compensation data set and/or a compensation function. Subsequently, this 
compensation data set is combined with the product target geometry data 
set or the compensation function is applied to this product target geometry 
data set to generate the control data set, which is then used to control the 
high-energy beam during the sintering and/or melting process. 

The compensation function or compensation data set determined in this 
manner can be used to almost completely compensate for the negative 
manufacturing-related effects of the sintering or melting by means of a high- 
energy beam, which substantially increases the dimensional accuracy. 

The compensation data set or compensation function preferably is 
determined as a function of the size and shape or of an angle of inclination of 
a plane placed tangentially on an exterior surface of the product to be 
manufactured relative to a reference plane, e.g. a horizontal reference plane. 
This in particular serves to reduce a thicl<ness of the product to be produced 
that is determined perpendicular relative to said tangential plane by 
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application of the compensation data set or of the compensation function in 
dependence on this angle of inclination. In this manner it becomes possible 
to compensate for the influence of the above-mentioned melting spherules or 
partial melting spherules on the thickness of the product or product section 
to be produced. This almost completely prevents any errors in the product 
dimensions, in particular in the region of inclined sections. 

The compensation function preferably is continuous and differentiable. In 
particular, the compensation function contains a polynomial of 2"^, 3'^, 4^^, 
and/or higher degree. It has been shown that a compensation function of this 
type can be used to satisfactorily compensate for the effects of the various 
temperature-related and geometry-related stresses that are created due to 
the layer-by-layer construction of the product. 

In a special embodiment, different compensation functions are used for 
different regions of the product to be produced. In a further embodiment, the 
degree of the polynomial of such a compensation function is also dependent 
on the respective region of the product to be produced. 

In a further preferred embodiment, a lower-degree polynomial is used for 
simple-geometry regions of the product to be produced, while a higher- 
degree polynomial is used for complex-geometry regions of the product to be 
produced. The degree of the respective polynomial determines the 
computational effort. Naturally, the computational effort increases as the 
degree of the polynomial increases. Thus, it is advantageous to use a 
polynomial with the minimum feasible degree to still achieve satisfactory 
compensation results. But since the effects of the temperature-related 
stresses depend on the geometry of the product to be produced, the effects 
of the stresses will also be different in different regions of the product to be 
produced. Consequently, it is generally sufficient to use a simple 
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compensation function for nnore compact geometries and to use a more 
complex compensation function for more complex or filigree geometries. 
This reduces the computational effort and in a practical manner increases the 
efficiency of the employed sintering or melting apparatus. 

In a further special embodiment, the compensation function is applied to the 
product geometry data set only for certain regions of the product to be 
produced. For example, for dental bridges to be produced, one applies the 
compensation function to the product geometry data set only for the 
connecting regions of the dental prosthesis. In products of this type that are 
to be produced it has been shown that these connecting regions are subject 
to special stresses, whereas the effects of the temperature-related stresses 
are significantly less severe in the comparatively compactly formed regions 
that represent a tooth. Such a selective application of the compensation 
function also allows reducing the computational effort, which allows a better 
utilization of the computer power of the employed apparatus. 

It is especially practical if the compensation data set and/or the 
compensation function is determined on the basis of at least one parameter 
out of a group of parameters that includes the following: modulus of 
elasticity, solidus temperature, thermal expansion coefficient, tensile 
strength, and elastic yield point of the material; a processing chamber 
temperature representing the temperature in a processing chamber 
surrounding the material to be processed; a processing temperature that 
represents the temperature of the region of the material irradiated by the 
high-energy beam, the layer thickness, representing the thickness of an 
applied material layer; the output power the beam source, in particular of the 
laser or electron beam source, or the power of the beam, in particular the 
laser beam or electron beam, during the process of sintering or melting; the 
traverse rate of the beam, the irradiation strategy; the geometry and in 
particular 
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the height of the product to be produced as well as the type of secondary 
treatment after the sintering or melting. It has been shown that 
consideration of these parameters or a subgroup of these parameters allows 
achieving a substantial compensation for the manufacturing-related 
influences. 

In a further preferred embodiment, a forming or already formed contour of 
the product is optically scanned during and/or after the irradiation of a 
material layer. The measurement data obtained in this manner are compared 
to the data of the product target geometry data set. If a deviation is 
detected, the control data set is corrected in accordance with the detected 
deviation. Such optical scanning of the product during its creation and the 
simultaneously performed correction of the control data can further increase 
the precision and dimensional accuracy of the product to be produced in a 
favourable manner. 

Further preferred embodiments are illustrated in the embodiment examples, 
which are explained in more detail using the attached drawings. 

Fig. 1 shows a schematic side view of an apparatus for the production of 
products by freeform laser sintering and/or freeform melting according 
to an embodiment example of the invention. 

Fig. 2 shows a schematic side view to illustrate the layer-by-layer structure 
of products produced by means of an apparatus of figure 1, in 
accordance with an ideal theoretical model. 

Fig. 3 shows a schematic illustration analogous to figure 2, of an actual 
produced product. 

Fig. 4 shows a schematic lateral sectional view of a first laser-sintered or 
laser-melted layer of the product to be produced, which is 



8 



connected by means of several supports to a substrate plate situated 
below. 

Fig. 5 shows the product of figure 4 with a further layer applied. 

Fig. 6 shows the product of figure 5, in a state detached fronn the supports. 

Fig. 7 shows a flow chart as illustration of the processing steps of a method 
to generate control data sets for the laser beam in accordance with an 
embodiment example of the invention. 

Figure 1 shows an apparatus 1 for producing metallic and/or non-metallic 
products 2, in particular dental products such as crowns, bridges, implants, 
etc., or medical products, such as for example prostheses, by freeform laser 
sintering and/or freeform laser melting. The apparatus 1 comprises a table 3 
with a height-adjustable platform 4, on which a substrate plate 5 rests. The 
height of the platform 4 is adjustable stepwise via a not illustrated drive 
system, in particular in steps adapted to the size of powder grains of the 
material 6 present in powder form. 

The apparatus 1 further comprises a laser 7 arranged above the table 3, for 
example a CO2 laser, with a beam that is guided by a suitable device, in 
particular a computer-controlled mirror galvanometer 9. 

The apparatus 1 further comprises a coating mechanism 10, which is used to 
distribute the material 6 in powder form uniformly over the surface of the 
table 3, so that in particular the space between the surface of the platform 4 
and the surface of the table 3 is filled with material 6 in powder form up to 
the surface of the table 3. 
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Production of the product proceeds as follows: At first the platform 4 is in an 
upper starting position. Then the laser 7 is activated and its laser beann 8 is 
pointed at the material 6 in powder form. Due to the heat generated by the 
laser beam 7, the laser beam 7 compacts and melts the material in powder 
form 6, which - depending on the amount of energy applied to the material 6 
in powder form - sinters or fuses with adjacent powder grains. The laser 
beam 8 is guided by means of a control data set. Following this guidance, 
the laser beam irradiates predetermined positions of the powder material 8. 
In the regions irradiated by the laser beam 8, a solid layer of fused or 
sintered material is created. 

Once a layer has been completed, the laser 7 is deactivated and the platform 
4 is lowered by a layer thickness, which for example can be adapted to the 
average diameter of the powder grains of the material 6. A new layer of 
powder material 6 is then applied and flattened by means of the coating 
mechanism 10. Then the laser 7 is activated again and the laser beam 7 is 
again computer-controlled to travel to predetermined positions, at which the 
material 6 in powder form is fused or sintered to the previously generated 
layer or to regions adjacent thereto or regions not adjacent thereto. This 
process of applying layers of starting material 6 in powder form and the 
sintering or melting of these layers to the previously applied layers by means 
of the laser beam 8 is carried out repeatedly until the product 2 has been 
formed in the desired shape. 

The apparatus 1 comprises a control system 11, which in particular controls 
the activation and deactivation of the laser 7 as well as the positioning of the 
laser beam 8 via the mirror galvanometer 9, and the height adjustment of 
the platform 4. Coordinating these components of the apparatus 1 on the 
whole guarantees the desired formation of the products 2. 
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The control system 11 comprises means for reading in a data set of product 
target geometry data, which represent the target geometry of the product to 
be produced. Starting from these target geometry data, the control system 
computes a control data set that is used to guide the laser beam. The control 
data set for example contains data for adjusting the mirror galvanometer 10, 
which determines the impact point of the laser beam 9 on the uppermost 
layer of the material 6. 

The control system 11 further determines a compensation data set and/or a 
compensation function for manufacturing-related effects that occur during 
laser sintering or laser melting and are described in the following. These 
compensation data are combined with the target geometry data set or the 
compensation function is applied to the target geometry data set in order to 
generate the previously explained control data set. In this manner, the 
manufacturing-related effects of the laser sintering or laser melting, which 
will be explained in more detail in the following, can be taken into account 
already prior to the production of the products 2 or prior to the creation of 
the product's 2 next layer to be formed. 

Figure 2 serves as explanation of a first such manufacturing-related effect. 
Figure 2 shows a section of an already laser-sintered or laser-melted product 
2, which is created in several layers 12, 13, 14, 15. However, the layers 12 
to 15 are not situated vertically on top of each other, but offset with respect 
to each other. The respective offset yields a slope with an angle a between a 
tangential plane placed against the ends of the layers and the horizontal 
plane, for example the top surface of the platform 4. 

In the example shown in figure 2, the layers 12 to 15 all exhibit the same 
width, so that in an ideal case an inclined plate of width d is created, which 
will be oriented at an angle a relative to the horizontal plane. 
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Figure 3 shows a practical realization of the theoretical product shown in 
figure 2. At the right end of the layers 13 to 15, each of which is offset by a 
certain distance relative to the respective layer 12 to 14 below, so-called 
melting spherules or nnelting spherule sections 16, 17, 18 are formed during 
the laser sintering or laser melting. Material 6 melted in these regions does 
not only heat the material powder 6 within the thickness of a layer 13, 14, 
15, but rather also the surrounding material powder 6, which as a result 
melts, flows downward in the liquid phase, and thereby forms the melting 
spherules 16, 17, 18. 

The melting spherules 16 to 18 result in a thickness d' that is greater than 
the thickness d illustrated In figure 2. 

This manufacturing-related influence on the thickness of the product to be 
produced depends - among other things - on the angle of inclination a. The 
greater the angle a, i.e. the angle between the tangential plane and the 
horizontal plane, the smaller will be the adulteration of the thickness d' 
relative to the theoretical thickness d illustrated in figure 2. 

Figures 4 to 6 illustrate a further manufacturing-related influence on the 
dimensional accuracy of the product to be produced. 

Figure 4 shows several supports 19, which have been sintered onto a 
substrate plate 5, to form the base for a first layer 20 of a product 21 to be 
produced. This first layer has a height h. The layer 20 cools after the 
melting. As a result, the layer 20 will contract due to the cooling in 
accordance with its thermal expansion coefficient. However, the degree of 
the resulting shrinking of the layer will be greater in the upper region of the 
layer 20 than in the lower region of the layer 20, since the lower region of 
the layer 20 is comparatively rigid and thus much less flexible, due to the 
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supports 19 and thus the connection to the substrate plate 5. Thus the 
upper side of layer 20 shrinks the most. This is illustrated in figure 4 by the 
dashed lines at the lateral ends of layer 20. 

Figure 5 shows that on top of an already cooled layer 20, a further, second 
layer 22 has been applied, which at its lateral ends due to the cooling shrinks 
more in the upper region than in the lower region. 

A product is connposed of a multitude of such layers 20, 22, each of which 
shrinks due to the cooling and the thermal expansion coefficient and thus 
genierates stresses within the product 21 to be produced. 

But it should be noted that the changes in width of the layers due to cooling 
in figures 4, 5, and 6 are not shown to scale and are greatly exaggerated. 
This is done to illustrate this manufacturing-related effect. 

Figure 6 shows the product 21 of figure 5 after the bottom layer has been 
detached from the supports 19, for example along the dotted line shown in 
figure 5. As soon as the product 21 is detached from the supports 19, it will 
deform due to the above-explained stresses within the layers 20, 22. The 
lateral ends of the product 21 will bend upward after detachment from the 
supports 19. 

This curvature corresponds approximately to a curve described by a 2"^ 
degree polynomial. 

This effect also can be corrected by means of the compensation data set or 
the compensation function. 
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A number of parameters have influence on the deviation of an actual 
produced product relative to its theoretical planning. The most important 
parameters are: 

Modulus of elasticity, solidus temperature, thermal expansion coefficient, 
tensile strength, and the elastic yield point of the material, the temperature 
within the processing chamber during processing, the temperature of the 
region of the material 6 irradiated by the laser beam, the thickness of layers 
12 to 15, 20, 22, the power of laser 7 or the laser beam 8 during the laser 
sintering or melting, the traverse rate of the laser beam 8, i.e. the speed at 
which the laser beam is moved along the surface of the material 6, the 
irradiation strategy, i.e. the manner in which the laser approaches the 
predetermined points to be irradiated, in some case repeatedly, the 
geometry, in particular the height of the product 2, 21 to be produced, and 
the type of a possible secondary treatment of the product after the laser 
sintering or laser melting. 

The listed parameters have different effects on the dimensional accuracy of 
the product to be produced. For this reason - but also depending on the 
desired exactness of the product to be produced - it is not necessary to 
exactly determine all parameters for every case. Even though the achieved 
results are optimal when all parameters are taken into account, consideration 
of all parameters increases efforts and costs, which in the final analysis will 
manifest itself in significantly higher product costs. For this reason, in a 
particularly preferred embodiment example, only a selection of parameters, 
i.e. the most influential parameters, are taken into consideration. 

Figure 7 shows a flow chart as illustration of a method according to an 
embodiment example of the invention. In a first step 23, the control system 
loads the target geometry data of a product to be produced. In a further step 
24, the control system 11 determines a compensation data set and/or a 
compensation function. A further step 25 contains the 
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combining of the compensation data set with and/or the applying of the 
compensation function to the target geometry data of the product to 
generate a data set to control the laser beam 8. In a further step 26, the 
laser beam 8 is controlled and guided with the help of this control data set. 

In a special embodiment example, the product being created is optically 
scanned in a further step 27 during the laser sintering or laser melting. In a 
following step 28, the measurement data obtained in this manner is 
compared to the target geometry data of the product. In a subsequent step 
29, the control data are corrected In accordance with any deviation detected, 
so that the laser beam will subsequently be controlled and guided with the 
help of a corrected control data set. 

On the whole, the invention has realized that manufacturing-related effects 
of the laser sintering or laser melting on the products to be produced can be 
compensated for by manipulating the control data of the laser beam and that 
in this manner the dimensional accuracy of the products to be produced can 
be substantially improved. 

In the preceding, the invention was explained in connection with laser 
sintering or laser melting. But the invention is not limited to the use of a 
laser beam for sintering or melting. An electron beam, for example, can be 
used instead of a laser beam. Thus, the above-described laser can easily be 
replaced by an electron beam source. Thus, the invention generally relates 
to any type of sintering or melting process that is generated by a high- 
energy beam from a source appropriate for such a high-energy beam. 



